This evidence-based practice paper will discuss the effect of incorporating a National Academy of Engineering (NAE) Grand Challenges 1 themed project into the Introduction to Engineering course on first year students' motivation, value, and perception of engineering. At Arizona State University, the NAE Grand Challenges for Engineering have been incorporated into the 2-credit Introduction to Engineering course as the subject of a multidisciplinary hands-on team design project. The three Grand Challenges that were selected for inclusion in this project were make solar energy economical, provide access to clean water, and advance personalized learning; a real world problem was formulated for each of these three areas. In the design project, student teams work through the engineering design process to design a solution to the problem, build a functional prototype of their solution, and test their prototype to demonstrate the effectiveness of their solution. A custom survey instrument based on APPLES (academic pathways of people learning engineering) 2 , the engineering motivation survey 3 , and the model of situational interest in classroom setting 4 was administered to students at the start and end of the class to assess the impact of the Grand Challenges themed design project. Results showed that using the NAE Grand Challenges to provide real world context for the design project positively changed students' perception of engineers' roles and the impact of engineering solutions. Qualitative results indicate that as a result of the project, more students recognized that engineers' roles include promoting 'social good' in addition to designing and creating. Although no significant impact on students' motivation was observed, the project did have a positive impact on students' situational interest.
Introduction
This work describes the use of real world problems related to the NAE Grand Challenges for Engineering as the subject of a hands-on multidisciplinary team design project in an Introduction to Engineering course. The three Grand Challenges that were selected for inclusion in this project were make solar energy economical, provide access to clean water, and advance personalized learning. Engineering education literature has shown that exposure to real world problems and applications in society increases students' interest and learning 5 . The NAE Grand Challenges provide a diverse set of real world engineering problems that can be used in courses to provide students with these contextual learning opportunities. Several institutions have incorporated the NAE Grand Challenges into courses throughout the engineering curriculum in order to provide context for the technical content [5] [6] [7] [8] or to introduce the engineering profession and disciplines [9] [10] [11] . Many institutions have also established co-curricular programs such as the Grand Challenge Scholars Program which aims to educate the next generation of engineers to be prepared for these challenges 12 . However, only a selected group of students are enrolled in those programs and many engineering students are not provided with opportunities to learn about the NAE Grand Challenges for Engineering. The research thus far has shown that incorporating the NAE Grand Challenges into engineering curriculum has increased course effectiveness and student motivation [6] [7] [8] [9] [10] , has fostered student critical thinking abilities, and has changed students' awareness of engineer's role in the global community 13 . This work aims to observe similar effects due to the incorporation of NAE Grand Challenges into the Introduction to Engineering team design project.
This work focuses on using the NAE Grand Challenges to provide first year students with design challenges that help them to see the role engineers play in society. A few other institutions have used the NAE Grand Challenges in their first year engineering courses to provide real world examples of multidisciplinary engineering, introduce the engineering profession, and provide context and relevance for engineering [9] [10] [11] [13] [14] [15] [16] . Corneal et al. and Azarin et al., for example, both asked students to research multidisciplinary engineering work related to the Grand Challenges in order to learn more about the engineering profession and disciplines 9, 11 . Argrow et al. describes integrating Grand Challenges into a course with similar aims (engineering profession, disciplines, academic success), but asked students to complete the first steps of the design process in the context of the Grand Challenges. Specifically, they asked students to identify specific problems in the Grand Challenge areas and develop design requirements; in this case the students were not asked to develop solutions 10 . In other first year programs, the Grand Challenges have been used to provide relevant context for hands-on engineering design and analysis activities [14] [15] [16] , however, in those activities students are never asked to actually design, build, and test solutions to real world problems. In this work, real world problems related to the Grand Challenges are used as the subject of a 9 week (or longer) hands-on design project. Student teams are provided with real world problem scenarios and they work through the engineering design process to develop requirements, design a solution to the problem, build a functional prototype of their solution, and test their prototype to demonstrate the effectiveness of their solution.
The impact of this novel way of incorporating the NAE Grand Challenges for Engineering in the first-year curriculum on student motivation, value, and their perception of engineering and engineers' role in the society was assessed. A custom survey instrument based on APPLES (academic pathways of people learning engineering) 2 , the engineering motivation survey 3 , and the model of situational interest in classroom setting 4 was administered to students enrolled in 5 sections of this course taught in the Fall 2015 semester. The survey was administered once at the beginning of the semester and once at the end of the semester after students have completed the design project.
In this paper, details of the hands-on design project which is based on the NAE Grand Challenges will be presented. Survey results will be analyzed both quantitatively and qualitatively and will be compared. Observations from the survey results will be discussed and recommendations for future work will be given.
Implementation of the NAE Grand Challenges Team Design Project
The 2-credit Introduction to Engineering course at Arizona State University has been designed to utilize best practices found in the first year engineering curriculum including project-based learning, team based hands-on experiences, and incorporation of real-world multidisciplinary engineering problems. It focuses on the engineering design process, teamwork, communication, and other skills that are important for engineers. It also introduces students to tools that will be useful in their future curriculum and careers. This multidisciplinary course is offered to mechanical, aerospace, chemical, and electrical engineering majors and it meets for one 50-minute lecture and one 3-hour lab each week during a 15-week semester. Students in the course are given the opportunity to apply the engineering design process, as well as practice and/or learn other important engineering skills by working on a hands-on team-based design project during the labs in a makerspace.
In the past, various design projects have been implemented in this course including a solarpowered vehicle design project, a renewable energy power plant design project, an autonomous waste sorter design project, and others. However, many of them did not have close real world connections and even though students were able to practice applying the engineering design process and various skills, they found it difficult to see the impact of their solutions in the real world. Another critique that was often observed in course evaluations was that students were not given the freedom to choose which project they worked on. A new hands-on design project was needed to address these issues, and the NAE Grand Challenges were chosen as the subject. The NAE Grand Challenges are the most important and urgent issues that engineers should focus on and engineering students should be prepared to tackle these challenges. More importantly, engineering students should be exposed to these challenges early in their curriculum so that they could better understand engineers' roles in the society and how engineers can impact the world. The NAE Grand Challenges provide a great background for a hands-on design project for the freshman Introduction to Engineering course as they provide a diverse set of real world problems that suit students with a variety of interests. All 14 NAE Grand Challenges were carefully reviewed and the following 3 challenges were selected to be incorporated: provide access to clean water; make solar energy economical; advance personalized learning. These specific challenges were chosen based on relevance to the students' engineering disciplines (mechanical, aerospace, chemical, electrical engineers) and the feasibility of a freshman level single-semester hands-on design project. For each challenge, a real world scenario was formulated with specific requirements and student teams were asked to choose one of these three design problems to work on. For the challenge "provide access to clean water", students were tasked to design an inexpensive, commercializable system that addresses the issues of transportation and purification of water from an open pond in the village Mawanga of Uganda. For prototype testing, a contaminated water sample was created based on a carefully selected 'recipe' to simulate the pond water. For the "make solar energy economical" challenge, students were asked to design, build, and test a solar power plant at relatively low cost that could provide consistent electrical power throughout the day (despite the changing position of the sun) for villagers living next to the Taklamakan desert in China. A project testing setup that simulated the sun's movement over time on a small scale (shown in Figure 1 ) was created to test the effectiveness of the functional prototypes. For the two challenges just described, villages located in rural areas around the world were used to provide students with the opportunity to consider the real needs of a community that they are not familiar with and to help them better understand how engineering solutions can be affected by realistic constraints such as cost and resources. Finally, for "advance personalized learning", students were tasked to create fun and interactive educational exhibits or toys for a community science center to teach a scientific principle of their choice to people with different learning styles. More details of all three project scenarios can be found in Appendix A. In addition to the specific requirements provided for each design problem, all designs also had to be creative, aesthetically pleasing, well crafted, and cost as little as possible.
Students were assigned to teams of 3 or 4 at the beginning of the semester based on a set of criteria (e.g., gender, race, software skills, hands on skills, English skills, commitment level, leadership preference, etc.), using CATME SMARTER teamwork (www.catme.org). In each section of this course for this study, there were approximately 40 students divided into 10 teams. When the design project was introduced to students, all teams had the freedom to select one of the three problems to work on. Out of the three problems, the first and the second (i.e., "provide access to clean water" and "make solar energy more economical") were equally popular among all the teams and very few teams selected to work on the third problem ("advance personalized learning"). To assist student teams in working through the engineering design process, the following intermediate project deliverables were used: problem definition; project schedule; project proposal (oral presentation and written document); progress report memo. Final project deliverables included a functional prototype, a final oral presentation, and a final written report. Various techniques and tools were introduced to students before or during the design project, including ideation techniques, decision matrix, Gantt charts, mathematical modelling, visual models, MATLAB, etc., and students were given opportunities to go through all the steps in the engineering design process. More specifically, one lab period was provided for students to fully define the problem; one for ideation, one for experimenting, modelling and analysis; one for decision making and finalizing details of proposed design; one for proposal presentations; and four or five for prototype construction and testing. During each of the lab sessions, three teaching staff members (the instructor, a graduate teaching assistant, and an undergraduate teaching assistant), were present to help the teams with the project (teaching staff to student ratio: 3 to 40). Overall, most of the teams had very successful designs; 79% of the teams that worked on each problem (problem 1 and problem 2) had successful prototypes. All of those that worked on the third problem were able to successfully solve the problem.
Before this design project was introduced to students, a jigsaw activity was also used to introduce students to the 14 NAE Grand Challenges. For the jigsaw activity, each student team performed research on one of the 14 Grand Challenges and presented their findings to the entire class. Specifically, students were asked to research and report on the key challenges in the Grand Challenge area and to provide examples of what engineers can do to help solve the challenges.
Assessment Method
To assess the impact of the incorporation of the NAE Grand Challenges for Engineering as a hands-on design project on students' motivation, value, and their perception of engineering and engineers' role in the society, a survey instrument adapted from APPLES (academic pathways of people learning engineering) survey 2 , the engineering motivation survey 3 , and the model of situational interest in classroom setting 4 was utilized. The questions adapted from the APPLES survey were used to gain insight on students' motivation to study engineering; those from the engineering motivation survey measure attainment value; and the model of situational interest in classroom setting questions assess learning applied to real life. All of these questions are based on a Likert scale of 1-5, with 1 being either not a reason or strongly disagree and 5 being a major reason or strongly agree. In addition, the following two open-ended questions have been included in the survey: "Can you give some examples of what kind of roles engineers can play in the society?" and "As a result of working on the Grand Challenges Design Project and learning about the Grand Challenges for Engineering, discuss and share an important example of learning, growth, and/or development that has occurred". The complete survey can be found in Appendix B. The survey instrument was administered online via Google Forms twice to 5 sections of this course taught in fall 2015 by the authors: once at the beginning of the semester (questions 10 and 11 were excluded from the pre-survey) and once at the end of the semester after students have completed the hands-on design project. In three of the sections, the survey was administered during the lab periods and students were given about 10 min each time to complete it. In the other two sections, the survey link was posted to the Blackboard course site each time and students were given a few days to complete the survey and reminded to complete it via email. In order to link pre-and post-survey responses, an anonymous username that is unique to each student was collected each time (first two letters of their middle name, first two letters of their mother's maiden name, and two numbers of the day they were born).
Results and Discussion
A total of 40 responses (~24% response rate) were received for the pre-survey and 68 (~ 41% response rate) were collected for the post-survey. Out of these participants, 12 completed both the pre-and post-surveys. The low participation rate was probably due to the fact that the surveys were completely voluntary and no incentives were provided. Thus, students may have lacked the motivation to complete them. Figures 2 and 3 below show the majors of the participants of both the pre-and post-surveys. For all of the questions based on a Likert scale, mean scores were calculated for all pre-and post-test responses and an independent t-test was used to check for statistical significance of any differences between the means. The 12 linked pre-and post-survey responses were analyzed using a Wilcoxon signed-ranks test for paired samples. Unfortunately, the results may not be representative of the population due to the small sample size and unequal sample sizes between pre-and post-tests.
Items in question 5 of the survey have been grouped into 6 categories according to the APPLES survey 2 : extrinsic factors such as financial and social good, intrinsic factors including psychological and behavioral, and relationship factors, for example, parental and mentor influence. Figure 4 shows the comparison between the pre-and post-responses for survey question 5(the 12-linked response results are very similar and thus are not shown here). Similar mean scores were found between the pre-and post-responses for the 6 motivational factor categories and no changes were statistically significant (p>0.05) for the overall sample or for the linked responses. Items from question 6 that measure attainment value, which is considered one of the constructs of expectancy of success, part of the expectancy-value theory within the motivation theories 3 , are shown in Table 1 . Again, the differences between results were not found to be significantly different (p>0.05). Similar mean scores were also, again, found to be similar for the 12 linked responses and differences in results were not found to be significantly different (p>0.05).
The trends in the results described above were found to be similar to the results from the APPLES survey 2 when the motivation was compared between seniors and first year engineering students. The profiles of motivation between the two groups were found to be very similar and according to the APPLES survey 2 , students' motivation to study engineering may take shape early in their educational experiences and college experiences may just reinforce the initial motivation. Such stability in motivation was also found in other studies 17 , including Huettel et al. who also found no significant effects on first year students' motivation as a result of incorporating Grand Challenges into the curriculum 7 . Thus, it was not surprising that the NAE Grand Challenges design project did not significantly change students' motivation to study engineering. Results of the other items in survey question 6 are presented in Figures 5-6 . A significant increase (p<0.05) was seen for the survey question "I see how I can apply what we have learned in this course to real life," which measures situational interest, from the pre-to the post-survey when the 12 linked responses were analyzed (shown in Figure 6 ). According to LinnenbrinkGarcia et al., maintained situational interest can be promoted by the learning contexts when individuals feel empowered by the knowledge presented to them in the situation 4 . Thus, the result indicates that the real world learning context that was given to students in this course has had a very positive impact on students' maintained situational interest, which can grow into personal interest. An increase was also seen for linked responses for the survey question "I am confident that I could successfully design a solution for a community". Although this increase was not significant, it was still an interesting result as it indicates that some individual students became more confident in their engineering design skills as a result of participation in the team design project. Tables 2 and 3 . For the pre-survey, word count of the responses ranges from 4 to 67 with a median of 22 words whereas for the post-survey, the range was 2-97 with a median of 15 words. It can be seen that after being exposed to the NAE Grand Challenges by working on the handson design project, students' understanding of engineers' roles went above and beyond "solving problems" and "designing"; more comments about the "social good" (including improving quality of life, making the world a better place) came up in the post-survey. It is also interesting to note that in the pre-survey, those who referred to engineers all used words like "engineers" or "they" whereas some in the post-survey referred to engineers as "we", indicating that the design project has to some extent helped with students' self-identification as engineers. Questions 7 and 8 were included in the surveys in order to gain insight on the extent to which students knew about the NAE Grand Challenges for Engineering and if this has changed before and after the design project. Figure 7 shows the results in aggregate form and there has been a significant increase in knowledge about the Grand Challenges from the pre-to the post-survey (p<0.01). As can be seen in Figure 8 , significant gains in knowledge about the Grand Challenges were also observed for the 12 participants who completed both pre and post surveys (p=0.01). Results of question 10 in the survey, as seen in Figure 9 , show that the use of real world problems related to the NAE Grand Challenges was very effective at helping students better understand engineering in action. Figure 9 . Impact of the NAE GC design project (post-survey only)
A total of 36 responses to the open-ended question "As a result of working on the Grand Challenges Design Project and learning about the Grand Challenges for Engineering, discuss and share an important example of learning, growth, and/or development that has occurred." in the post survey were also coded using the same method as described before. A few of the common themes that were found included teamwork; learning more about engineering (for example, how to solve real world problems and how to work with constraints, such as budget and limited resources); and the importance of applying the engineering design process in solving problems. 
Conclusions and Future Work
The NAE Grand Challenges for Engineering have been incorporated into the first-year Introduction to Engineering course to provide real world context for a hands-on team based design project. Even though quantitative results show that this incorporation did not seem to have an impact on students' motivation, it did increase students' knowledge about the Grand Challenges and positively impacted students' interest. Overall, both quantitative and qualitative results show that this real world context based on the NAE Grand Challenges has positively changed students' perception of engineers' roles and the impact of engineering solutions in the society, and has effectively helped students better understand the engineering profession and how to approach real world engineering problems.
Future plans for the project include incorporation of the other Grand Challenge areas into the design project to provide an increased variety of choices for students. In order to further assess the impact of this project on students, future studies may include a control group for comparison. In an effort to increase the response rate, surveys for future studies may be given during class instead of simply posting them online for students to complete on their own.
